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РКЕҒАСВ 


Since the magnetic amplifier has increased in use 
in the recent years, an investigation of a voltage 
regulation circuit using the magnetic amplifier was 
performed at the United States Naval Postgraduate School, 
Annapolis, Maryland, during the period January to June, 
1951. This work was performed with the timely guidance 
of Professors 4% С. Smith and R. C. H. Wheeler, of the 


Electrical Engineering Department. 
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CHAPTER 1 
GENERAL REGULATION PROBLEM 


Шог кае аце сом 

іп the recent years the magnetic amplifier has grown 
in popularity for use in control circuits. The advantage 
of no electronic or movable perts is the principal reason 
why this saturable reactor phenomenon has been explored. 
This thesis will develop the general regulation problem 
and discuss the important points in order to bring these 
considerations to the fore. It will discuss the magnetic 
amplifier characteristics which seem to be involved in the 
regulation problem. 1% will propose a design schedule for 
a regulation system utilizing a magnetic amplifier. This 
design schedule assumes sharp end complete saturation of 
the core material. It also is based on "garden variety" 
Circuits, amplification varying directly With time constant, 
long-transient theory, and on information available to 
compute "power outrut vs volume of core" curves. 

The transient performance of a generator voltage 
regulating system is the terminal voltage, as a function 
of time, following a voltage disturbance or a chenge in 
load. For linear systems the parameters of the general 
Solution are the time constants of the alternator, exciters, 
damping transformers, and over-all voltage amplification. 
It is pertinent at this time to develop analytically and 
logically the basic facts to be considered in the deSign 


of voltage regulating systems. 
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In this treatment the alternator voltage regulating 
system will be taken to include the alternator, the 
exciters, the regulator (or voltage sensing device) and 
any other elements entering into the mathematical formulation 
of the regulating problen. 

2. Two time delay system. 

First a simple "two time delay" svstem will be investi- 
gated to point out the method of analysis, and certain 
fundamental conclusions which can be drawn from this simple 
svstem. This system (Figure 1) consists of an alternator, 
excitor and a regulator, without time delay, of amplification 
М, Only the transient part of the envelope of the terminal 
voltage will be considered, since this would be superimposed 
upon the envelope existing before a voltage disturbance. 

This is likewise true of all other voltages and currents. 
In considering the problem thusly we ere assuming straight 
line saturation, and initial conditions can be considered 


Zero. 
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3. Three time delay system. 

The three time delay system, (Figure 2), is a more 
general system in as much as it can be unstable. The three 
time delay system is by no means the most complicated, in 
fact, it is the simplest that can be investigated and yet 
be considered general. The three time delay system will 
first be developed without damping transformers in order 


to point out later the effect of damping transformers. 


(6) 
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Examination of the denominator of the transfer function 
(a cubic) will show that it is quite possible for one of 

the roots to have a positive real part and therefore for the 
system to be unstable. Іп the analysis of a regulating 
system prior to laboratory mock up, this stability must be 
investigated. Two of the several methods used are "Routh's 
Criteria", and Evans' (1) "Root Locus” method. All methods 
used to solve the cubic, or determine the character of the 
roots of the cubic are time consuming and require computa- 
tions or drawings, (Evans' "Root Locus"). However, by the 
use of curves published by E. L. Harder (3) in his thesis 
and paper which was presented at the AIEE North Eastern 
District meeting April 23, 1947, the over-all time constant 
(and hence stability) and frequency of oscillations can be 
determined. A more complete discussion of the use of these 
curves will be presented later in the paper. 

In order to illustrate how a damping transformer is 
introduced into the regulating system and its effect, a 
damping transformer has been added to the three delay 


system in Figure 3. 








FIGURE Š 
THREE “TIME DELAY SYSTEM 
WITH DAMPING TRANSFORMER 
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FIGURE 4. 
GENERAL SYSTEM 
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It will be noted here that the proper choice of t4 
such that t.- -t Reo/KıM will reduce the system to a two 
time delay system which is inherently stable. 

The "general" system of three time delays and three 
damping transformers, Figure 4, will now be developed an- 
alytically. From this solution many important curves can 


be taken to show the effects of various time constants. 
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It is apparent that the complexity of and the number 
of parameters (5) in the solution make it easy to imagine 
the advantage of an electrical analogy to "solve" general 
systems fcr their transient characteristics. Harder (3), 
as previously mentioned, has done just thet in his thesis 
work and AIEE paper on the subject., Each curve set applies 
to particular values of A, (T¿ + At7) and t3. In each set 
curves are drawn for two or rore values of Ty between 0 
and 1.0 as needed for interpolation. “ach curve covers a 
range of to as abscissa from 0 to 1.0. The ordinates are 
ever—all damping time constant Ty and frequency of 
oscillations. All parameters are per unit of To, the 
alternator time constant. This use of a per unit system 
affords a reduction of one parameter while grouping (To + At.) 
together reduces still one more the number of independent 
parameters. Frequency is expressed as cycles per To. 
Harder uses A for his over-all voltage amplification and 
lumps it into one component. His idealized system is shown 


So 
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inspection of the solution for Eg will show that the 
constants Kg, Ky, Ko, Ro, R}, R do not appear as a group 
and hence such simplification cannot be accomplished in 
handling a practical system. However, the over-all ampli- 
fication factor can be computed and factored out thereby 
changing, or "weighting" the time constants somewhat. This 
done for any system will prepare the parameters for use in 
Harder's handy charts. 

After examining the regulator system analytically it 
becomes apparent what part is played by the various components 
of a system. A study of the curves by Harder will illustrate 
effects and the general solution Тог Ёс will give numerical 
results if so desired. For instance, from Figure 6, Curve 
set 1, and the solution for Eq , page 5, the two time delav 
system is inherently stable. From the solution for Ec page 
9 and also Figure 6 curve sets 3 and 4, it is seen that 
reducing the first stage time delay gives a marked improve- 
ment in the system operation. Reversing the damping trans- 
former of the first stage reduces (Ті 1 х and thereby 
improves the response of the system. The generator voltage 
damping transformer has a pronounced effect and should be 
used to achieve best performance; compare figures 6 and 7. 
Many other characteristics can be deduced from a comprehen- 


Sive study of these sets of curves. 
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CHAPTER II 
MAGNETIC AMPLIFIER CHARACTERISTICS 


l. Time camstant. 

The magnetic amplifier, although capable of high power 
gains, is nevertheless relatively slow to respond when used 
with rather conventional ‘garden variety” circuitry. This 
study will be concerned with "garden variety" circuitry such 
as would be available to the engineer who was attempting to 
design a control circuit using a magnetic amplifier. After 
talking with engineers at the U. 5, Naval Research 
Laboratories and U. 5. Naval Ordnance Laboratories it 
becomes apparent that new ideas in circuitry must be used 
to combat the slow response time of magnetic amplifiers. 
Much work along these lines is being done and the results 
of these studies should evidence themselves in a more 
widespread use of magnetic amplifiers. 

Since each time constant in the regulation circuit is 
important, the time constant of the magnetic amplifier will 
be discussed here. It has been generally accepted that for 
all practical purposes a direct proportionality exists 
between a change in the initial flux and a change in average 
output voltage of the self-saturated magnetic amplifier. 
Since the saturation flux density is fixed, the average flux 
changes by half of any change of initial flux. Changes of 
average flux, initial flux and average load voltage are all 
proportional to each other and hence appear rather indis- 


criminately in response time formulas. 


(18) 














It is the average flux that, linking the control 
windings, opposes the change of average control current 
and determines the time constant of the magnetic amplifier. 
The problem of determination of the time constant is one of 
determining the average flux linkages per core per ampere 
of signal current which gives the inductance of the control 
winding. For clarity a schematic of a simple magnetic 


amplifier is sketched in Figure 8, 
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FIGURE Y 
MAGNETIC AMPLIFIER 
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where Ay average gain on a common turns basis. 
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The above result gives a low value when the saturation 
curve deviates from a flat top, since it is based on a change 
in average flux which is only half the flux swing. The 
above proof that the magnetic amplifier can be represented 
by a single time constant may be tested by comparing its 
frequency response with that of a theoretical single delay 
system. Such a comparison is given in Figure 9, (4). The 
test amplifier follows the theoretical curve reasonably 
well, showing that the magnetic amplifier can justifiably 
be represented by a Single time delay. 

2. Amplification - time constant relation. 

Since the tire constant is determined by the flux 
linkages per unit signal voltage, changing the signal cir- 
cuit resistance changes the power amplification and the 
time constant proportionally. This proportionality between 
the power gain and time constant as the signal circuit 
resistance js varied is illustrated by some results of a 
paper from М, O. L. by ir. Edgar V. Vier (7) (see Figure 11). 
If power amplification is represented by À, the 4 ratio 
could be used as a figure of merit for comparison of 
amplifiers of same size and type operating in the same region. 
It would show up in a Single figure the beneficial effects 
of high permeability iron, low-leakage rectifiers, and 
quality of design in respect to space utilization in lowering 
internal resistance, leakage resistance and so forth. Note 
that in Figure 11 the ratio deviates from a straight line 


in the low time constant region. This must be borne in mind 


(22) 


prea gp a a та ۳۹ 
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when working with magnetic amplifiers of normal circuitry 

in the low time constant region. This discrepancy exists 
because the original assumptions were based on a long-trans- 
ient theory in which averages can be used extensively. As 
the time constant approaches one cycle of the supply frequency, 
the ratio drops off quite rapidly when the long-transient 
theory applies less accurately and the lamination and a.c. 
winding delays become a factor. Not shown in this figure 
are the differences in increasing and decreasing transients. 
ЇЇ the back voltage induced in the a.c. windings by the 
applied signal voltage exceed the back voltage for one 
diode, a circulating current can flow for decreasing trans- 
ients, thereby slowing the response. This does not occur 
for inereasing transients since the induced voltages are 
counter to the diode conducting directions. “Therefore, the 
figure of merit ratio will probably not receive industry 
standardization until its limitations have been more 
thoroughly explored. However, it still remains a most 
useful tool when comparing amplifiers for use in the design 


of а System. 


(23) 
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3, Inductive load. 

In matching the magnetic amplifier to the load or 
vice versa it must be kept in mind that the load current 
from a magnetic amplifier is not pure d.c. For a highly 
inductive load the impedance "seen" by the magnetic 
amplifier is more than the d.c. resistance. This is shown 
from the current transfer curves for the Vickers magnetic 
amplifier #2215, Figure 10. The inductive load must be 
Shunted by a rectifier oriented against the direction of 
current flow. This reduces the effect of the inductance. 
Figure 17 is an oscillograph of the output current of the 
magnetic amplifier. The current is by no means pure d.c. 
lt is not difficult to see that the load impedance for such 
an output current will be much greater for an inductive 
load than for pure resistance. Comparison of curves in 
Figure 10 will illustrate this point. The inductive load 
was shunted by a rectifier oriented against the direction 
of current flow, 

To smooth out thís "d.c." output an eight microfarad 
condenser was put across the load. Figure 18 will illus- 
trate how the ripple was reduced by this step. Transfer 
characteristics for the magnetic anplifier loaded with an 
inductive load shunted by a smoothing capacitor are shown 
in Figure 10. 

It is interesting to note the effect of a large ripple 
in the field current of an alternator. Figure 13 is a 


composite of the various regulating currents demanded by 


(26) 





the alternator as the load is changed from zero to full 
load. The un-smoothed amplifier output current required 
to regulate is much less than either the "smoothed" ampli- 
Tier GOULDUTL OF the sessteht d.c.: Since it is difficult to 
get something for nothing, an explanation is necessary. 
The "current" required was read by a d.c. meter which gives 
average current. The power from the un-smoothed amplifier 
current is of course greater than that of the d.c. or 
"smoothed" current. Also the average flux for a varying 
d.c. field current will be greater than the flux that would 
be picked off a saturation curve for the average current. 
This is due to the hysteresis loop effect. As can be seen 
from Figure 13 the "smoothed" amplifier current is very 
close to pure d.c. in its effect of producing flux in the 
alternator field. 

A schedule for the design of a voltage regulating 
system will now be outlined, endeavoring to take into 
acccunt the general regulation characteristics as well 


as those of the magnetic amplifier. 


(27) 
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CHAPTER IIT 
REGULATION SYSTEM 


1. Design schedule. 


Voltage Regulation System Design 


fachine Characteristics: 


1. Number of phases 
2. Cycles 
3. Terminal voltage Ex 
1. No load field current ЛЮ 
ram 
SI Load reta current Lerat 
6. Field Resistance Re 
Assumptions: 
7. Мах voltage change AEL 
8. Max control voltage change АЕ, 
Magnetic Amplifier: 
9. Regulation power Pr = (lpmax = I. t4 s 
10. Volume of core У. - Рр 
Wo 
11. Change in control current AI, 
(from transfer characteristics) 
12. Control circuit resistance НӨ = 
AT 
с 
13, Change in field voltage АЕ, = 41,8. 
14. Voltage gain A = А5, 
АЕ 
15. Fever gain A > (Аг) Ва 
К 


(28) 
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16. From Amplification vs. Time Constant Curve: 

Time Constant of Amplifier 21 
2. 4 system designed. 

ln order to further amplify and possibly clear up any 
ambiguous points which nay exist in the design schedule, 
two designs will be carried out. First, a system to regulate 
a 2KVÀ, LOO сус1е, single phase, 110 volt alternator will 
be designed. This alternator is constant speed, constant 
frequency, twin field originally designed for the exciter 
to feed one field while an electronic regulator controls 
the other field for regulation purroses, well suited for 
this problem except for the size of the field resistance. 


Teme а а Schematic of the ci renit. 
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Voltage Regulation System Design 
Machine Characteristics: 
1, Single phase 
2. 400 cycles 
цог 3110 volts 
4. Їр = +085 amps (for Пано amps) 
obtained from Figure 13. 
эс I В. ES NANDS ) 


fmax 
6. Re = 140 ohms 


Assumptions: 
Де АЕ: = 1 volt 
Bys ЗЕ, = 5 volts 


Note: This AE, is a pure assumption since the voltage 


Sensing circuit is not considered here. 


Magnetic Amplifier: 


Ore = ав, - (508 (100) = 2.7 watts 





10. № = MM = 27 = 。066 in2 
W。 ۳1 


where W, is watts per volume of core in inches. 
Note: This volume was too small for any of the Vickers 
magnetic amplifiers. ‘Since Vickers was assumed to be 
representative, and was to be the source of the magnetic 
anplifier to be used in the actual laboratory mock-up, 
Vickers #2215 was chosen so as to be of general use in 
the laboratory. When choosing the magnetic amplifier one 


must ascertain the load resistance at which the amplifier 
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7 





delivers full output power. This load resistance must be 
made compatable with the resistance of the actual load, 
Since it was necessary to order a larger (more powerful) 
amplifier than necessary, matching the load resistance to 
the optimum load resistance of the amplifier was passed 
up in favor of current output matching. For a 140 ohm 
load the current output for the #2215 is just about correct 
for the current demand. Although the amplifier is not 
being used tc its fullest extent powerwise, it is being 
fairly well extended over its current output range by the 
140 ohm load. Іп this respect the design was deviated 
from the ideal. 

11. 41, = .0074 amps 


From Figure 10, using 100 turn control winding 





۱۳ ۲ - 5 < .رم‎ e 
AI. - 0071; 


a = 1800012) Seo ans 


tJ 
к 


= 4138 = 9 


14。 A, = E 


by 


C 


2, 
852 Е (Ау) Rg = (38.9)267.6 - 2 
R 140 


16. T = 1.8 cycles = .012 seconds 


Note: This is from Figure 11, and is for 63% steady state. 
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For a comparison the design will be worked out for the 
arrangement in which the field is shunted by an 8 micro 
farad condensor. The circuit is the same as Figure 15 on 


page 33 with the exception shown below. 


BMF 





Voltage Regulation System Design 
Machine Characteristics: 
1, Single phase 
c0 cycles 
3. EL = 110 volts 
4。 lemin 7 £130 amps (for Ip, = .15 amps) 
Obtained from Figure 13. 


b fh .296 amps 


fmax 
6. Rp = 140 ohms 


Assumptions: 


8. B, = .5 volts 


Magnetic Amplifier: 


9. Pr = (aIp)* Rp = (.166)“(140) = 3.86 watts 


и 


3.86 = ,0942 in? 


10. 問 
| 41 


Using Vickers 72215: 
aM al, = 0031 


from Figure 10, using 100 turn control winding 


тос = тб о ohms 
.0031 


13. АЕ, з ТЕСТТІ 22022 
ТЭ = er = OT 


2 
ee = 2180‏ س ا 


15.5 cycles = .039 seconds 


if 


15. А 


Md 


16. ДЕ 
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5. ANalyt@eal development. 

For comparison the regulation problem just presented 
will be developed and solved analytically. The schematic is 
shown in Figure 16. The same assumptions and proceedure will 
be used as was used previously in the general developments. 


All voltages and currents are changes of voltage and current. 


ЛЕ. = -№, ВЕС 
М ме сетак) 


Xe Е < (ER) 
where k 2 slope of current transfer curve. 
А Se = < КТ. Le 


eo ЛЕ = AE. k Re ге NE, Re 





R 
eG +S) Le = x S) 

where E SD 

Rs 

2 E 

е + щъ Le CE tS) 
where Lg = la 

Re 








When a voltage disturbance (C u(t)) is imposed on the system 


i e ME - Cum ) 


A le = AE. № Re 
de (SNA A \ 


= Ke АТА 


AE, 
A €. = AE, kK Ke Re 
„ie a 
Leks lst т) (3+ =) 


КЕ, AY COS 


Le Lg (S + -YXS + —= + ۷۶ Re 


Le+ Ма Kik Ke Re 


Le ls 
AE. = MCu(«) 


E‏ بت 
(S EE E NA‏ 


АЕ. = MC — exponentially decaying 
«см transients or oscillations. 


Using measured values for the various constants, the 


regulation problem will be solved analytically for a load 


of approximately 10 amperes. 





Constants 


Source 
Я =  .012 Seconds design dara 
лс COA 
Rs = 67.6 Ohms design dara 
k = 18.8 Faure 10 
Ls = «Фі. У Les 08-7, 
Re = [40 Ohms measured 
Le = sSch measured 
12 = , 004 Seconds Т> = Lt la 
Ша цам 
К, = . assumed 
Ue = 128 Figure 14 


From previous development, page 41: 


AE, = М Саб 
(5 + ENS + ==, уе NA 


where М = K、 kces — (1880293050 _ 5771 ооо 


Lels 2, (812) C. $65 


AEL = М С ی‎ MC 
515 4 33,443(5-42507)-- 3711 Оо o| S|5+33345 43919001 


AE. 


- ме 
(+ — 8 CS +e +18) 
where = 166.17 е = 60% 
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TABLE 1 


Oscillograph Data 


пае 1 остарь №0. 1 


Initial Final Observed Pređicted Observed Predicted 


value value Time cnst, Time cnst. change change 
2:095 . 0071 5.87 сз. h.8 cs. 
Ir .132 2122 i 020 O41 
VI 108 70592 24,0 cs. 52.5 2.50 
Lu 9.7 9.5 


2. Oscillograph No. 2 


Initial Final Observed Predicted Observed Predicted 
value value Time cnst. Time cnst. change change 
I, .00505 . 0074 бе оя о. 
le .269 2139 Ша св; n 128 
e 115.9 2000 15.9 Home 
[s IE 76? 
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4. Oscillograph measurements. 

In order to check the system designed by the design 
schedule, a step voltage was put into the control circuit 
of the magnetic amplifier and pictures taken with an 
oscillograph of the various transients involved. Since the 
circuit is not closed, an independent source of 110 V, 400 
cycle A.C, was obtained to supply the magnetic amplifier. 
The test alternator was connected to a load and fed by the 
magnetic amplifier. Figure 19 will show this set up. Care 
was taken to insert a step voltage in the control circuit 
of the magnetic amplifier without changing the resistance 
of the control circuit. This was done by making Ry Ка 
and Ro R3. The load was set for approximately 10 amperes. 
Table 1 is a tabulation of the results of the oscillographs. 
Figure 17 is the oscillograph of the transient in the system 
without an 8 microfarad condenser across the field of the 
alternator. In order to distinguish the peculiar wave shapes 
one of each of the Ip and I, current waves is inked in. 
Notice that the output of the magnetic amplifier is not d.c. 
In fact the output current drops to zero once each cycle 
(at 800 c.p.s.). The control current also has a.c. super- 
imposed upon the d.c. The peak to peak value is approximately 
10 м.а. This is induced by the output windings on the cores» 
The control windings should be wound so as to cancel the 
induced currents, but obviously they are not exactly balanced. 
Rough measurements and calculations indicate that the balance 
is about 4% off. At a lesser gain the added resistance in 


the control circuit would reduce this effect. 
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Table 1 gives initial and final values as read on the 
meters in the circuit. Also included are the time constants, 
as measured from the oscillographs, of the magnetic amplifier 
(Те) and the circuit as a whole (Ip). The predicted time 
constants are also included; these were taken from previous 
calculations on pages 35 and 37. Note that the time constant 
for the magnetic amplifier in Figure 17 (5.87) was very 
close to the predicted time constant of 4.8 cycles. The time 
constant of the amplifier in Figure 18 was measured to be 
5.42 cycles which is considerably less that the predicted 
19.5 cvcles, 

Figure 18 illustrates the smoothing effect of the 
condenser across the inductive load. Note the difference in 
ripple between the two field currents of Figures 10 and 13, 
the 8 microfarad condenser permits the magnetic amplifier 
to operate as though the load is purely resistive and of 
smaller resistance. The inductive load with the aid of the 
by-pass rectifier but without the by-pass condenser restricts 
the amplifier as a larger load resistance would restrict it. 
Evidently it is beneficial to use by-pass condensers when 
driving inductive loads. 

5, Summary 

To sum up, this thesis has explored the basic facts 
concerned in a regulation circuit. 1% has attempted to 
point out some of the operating characteristics of the 
magnetic amplifier using “garden variety” circuits. It has 
put forth a design schedule СЕТ the relations developed 


and characteristics discussed. 1% has attempted, in a limited 
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sense to prove the basic tenets assumed by recording on 

film the transient produced by a step voltage in the control 
Circuit. Sb 1S Uniortunatesthat further recordings could 

not be made, due to power failure, to resolve the differences 
that did exist between recorded and analytical results, 
However, it is felt that the answer lies in added circuitry. 
This writer feels that a thorough understanding of the 
regulation problem would permit rapid design of regulating 
systems, and easy adaptation of new phenomena to a regulation 


System, 
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